Rapid disintegration of alpine glaciers has led to the formation of new terrain consisting of mineral debris colonized by microorganisms. Despite the importance of microbial pioneers in triggering the formation of terrestrial ecosystems, their sources (endogenous versus exogenous) and identities remain elusive. We used 454-pyrosequencing to characterize the bacterial and fungal communities in endogenous glacier habitats (ice, sub-, supraglacial sediments and glacier stream leaving the glacier forefront) and in atmospheric deposition (snow, rain and aeolian dust). We compared these microbial communities with those occurring in recently deglaciated barren soils before and after snow melt (snow-covered soil and barren soil). Atmospheric bacteria and fungi were dominated by plant-epiphytic organisms and differed from endogenous glacier habitats and soils indicating that atmospheric input of microorganisms is not a major source of microbial pioneers in newly formed soils. We found, however, that bacterial communities in newly exposed soils resembled those of endogenous habitats, which suggests that bacterial pioneers originating from sub-and supraglacial sediments contributed to the colonization of newly exposed soils. Conversely, fungal communities differed between habitats suggesting a lower dispersal capability than bacteria. Yeasts putatively adapted to cold habitats characteristic of snow and supraglacial sediments were similar, despite the fact that these habitats were not spatially connected. These findings suggest that environmental filtering selects particular fungi in cold habitats. Atmospheric deposition provided important sources of dissolved organic C, nitrate and ammonium. Overall, microbial colonizers triggering soil development in alpine environments mainly originate from endogenous glacier habitats, whereas atmospheric deposition contributes to the establishment of microbial communities by providing sources of C and N.
Introduction
Knowledge about the dispersal of microorganisms and how they colonize newly exposed habitats is essential for understanding the biogeographical patterns of microbial diversity (Martiny et al., 2006; Tedersoo et al., 2012) . Most alpine glaciers are currently retreating leading to formation of new terrestrial ecosystems. Glacier ecosystems have been used extensively to investigate dynamics of soil formation in relation to shifts in microbial communities (for example, Bernasconi et al., 2011; Zumsteg et al., 2012; Bajerski and Wagner, 2013; Rime et al., 2015) . They also represent ideal ecosystems to study natural establishment of microbial communities in terrestrial environments (Edwards et al., 2014) . When glacier ice melts, entrapped rocks, sediments and fine debris are released and microbial pioneers present on these debris initiate soil formation by weathering rock minerals and incorporating organic matter (Frey et al., 2010; Smittenberg et al., 2012) .
Despite the importance of pioneer microorganisms in triggering soil formation, their origin and identity are largely unknown (Bradley et al., 2014) . Mineral debris released after glacier retreat is exposed to continuous atmospheric input (exogenous source) of microbes (Womack et al., 2010) through precipitations (Zhang et al., 2010; Šantl-Temkiv et al., 2012) and dry deposition, such as wind-blown dust and plant debris (Chuvochina et al., 2011; Bowers et al., 2012; DeLeon-Rodriguez et al., 2013) . The atmosphere in particular is often wrongly considered sterile because of harsh ultraviolet (UV) radiation and extreme C and nutrient limitations (Womack et al., 2010) . However, recent studies have reported that the atmosphere harbours complex and viable microbial communities (Vaïtilingom et al., 2010; Šantl-Temkiv et al., 2012; Stres et al., 2013) . For example, Amato et al. (2005) isolated active bacteria and fungi from cloud droplets. Similarly, Šantl-Temkiv et al. (2013) reported that viable methane-oxidizing bacteria were found in rain and Favet et al. (2013) retrieved living algae (for example, Chlorella) and fungi (for example, Aspergillus) in wind-blown desert dust. These studies thus suggest that microorganisms may be transported through the atmosphere and may represent a non-negligible reservoir of microbes able to colonize recently deglaciated mineral debris. In contrast to these exogenous sources, microorganisms already present at the surface of the glacier, entrapped in ice, transported by glacial water runoff and thriving under basal ice (endogenous sources) can also potentially colonize deglaciated debris and participate in soil formation (Edwards et al., 2014) . Hamilton et al. (2013) reported that viable microorganisms thrive under ice. In addition, several studies showed that cryoconite holes and supraglacial debris are hot-spots of microbial diversity on top of glaciers (Anesio et al., 2009 (Anesio et al., , 2010 Edwards et al., 2013b; Franzetti et al., 2013) and may thus constitute part of the microbial pioneer communities in recently deglaciated barren soils.
Although these exogenous and endogenous sources have been investigated separately, their relative contribution to microbial colonization of mineral debris recently exposed after glacier retreat has not been assessed yet. To address this gap, we simultaneously characterized the microbial communities in exogenous and endogenous sources and compared them with the microbial communities found in barren soils formed after the retreat of the Damma glacier (Switzerland). In particular, we used barcoded 454-pyrosequencing of archaeal, bacterial and fungal ribosomal markers. Our study specifically addresses the following questions: (1) What is the origin (exogenous versus endogenous sources) of the microbes colonizing newly formed terrain after glacier retreat? (2) Which microbial taxa are characteristic of the exogenous and endogenous sources? (3) Which environmental factors shape the microbial taxa characteristic of these habitats?
Materials and methods

Site description
Samples were collected in the Damma glacier catchment in the Central Alps of Switzerland. This site was selected because it has been studied extensively in various scientific disciplines, including hydrology, botany, soil carbon dynamics and microbiology (Bernasconi et al., 2011; Menon et al., 2014) , and thus detailed information about the ecosystem dynamics in this glacier forefield was available. The climate in the catchment area is characterized by annual precipitation of 2200 mm and high seasonal temperature fluctuations, ranging from − 8°C to 4°C, with an annual average temperature of 2°C (Bernasconi et al., 2011) . The growing season lasts from June to September. Before the glacier terminus, the initial soils sampled in our study are located 20 m away from the glacier tongue (deglaciated for approximately 2 years) and consist of barren sandy rocks with low carbon and nitrogen contents and are mainly characterized by lichens, algae and mosses (Bernasconi et al., 2011) .
Experimental procedures
In our sampling approach, snow (referred hereafter to as Snow), as well as dry and wet atmospheric summer deposition (Deposition) were considered exogenous sources of microbial colonizers, whereas basal glacier ice (Ice), glacier stream water (Glacier stream), sub-(Subglacial sediment) and supraglacial (Supraglacial sediment) sediments were considered endogenous sources of microbial colonizers. Microbial communities living in snow may originate from more distant soils, aerosolized and deposited with snow (Cameron et al., 2015) . We therefore considered this habitat as an exogenous source of microbial pioneers. Owing to the fact that the Damma glacier ice is covered by sediments, we could not identify cryoconite holes. We therefore sampled mineral debris and referred to them as supraglacial sediments. Snow was sampled on 23 June 2014. Barren soils, considered as a potentially colonizable habitat, were sampled before snow melt (Snow-covered soil; collected on 23 June 2014) and 3 weeks after snow melt (Barren soil; collected on 10 July 2014) to determine whether microbial pioneers present in snow were also found in barren soils after snow melt. We sampled all other habitats 3 weeks (collected on 10 July 2014) after snow melt, as recommended by Musilova et al. (2015) . Detailed information about the sampling procedure and sample locations is given in Supplementary Table S1 and Supplementary Figure S1 .
Briefly, approximately 2 litre snow surfaces (0-2 cm depth) were sampled in triplicate during the melting phase, as described by Lazzaro et al. (2015) , with EtOH-cleaned laboratory spoons in autoclaved polyethylene (PE) bags. After sampling of the snow patches, we removed snow aseptically to collect around 100 g of barren soil (0-2 cm depth). After snow melt, around 100 g of barren soil (0-2 cm depth) were sampled at the same sites, which were marked with sticks during snow sampling. We installed three sets of sampler pair to collect atmospheric deposition at the same locations as the snow and soil samples. Each sampler consisted of a sterile (acid and EtOH rinsed) 1 litre PE bottle coupled with a sterile 12-cm diameter PE funnel fixed on a stake 1 m above the ground. The samplers were left open for 2 weeks (from 30 June 2014 to 9 July 2014) to collect passively atmospheric dust at ambient temperature and were sampled directly after a rain event (on 9 July 2014) in order to recover both atmospheric dry and wet inputs while limiting aftergrowth. Around 1 litre of rain per bottle resulting in approximately 2 litre of rain per sampler pair were collected in July after a Saharan dust event, and in August (left open from 31 July 2014 to 9 August 2014; collected on 9 August 2014), when no Saharan dust event was detected at the Jungfraujoch Origin of microbial pioneers in deglaciated soils T Rime et al research station (Collaud Coen et al., 2003) . Owing to the absence of significant differences in α-and β-diversities and physico-chemical factors between the two sampling times (data not shown), we averaged these samples and treated them as pools to represent atmospheric deposition throughout the growing season. We collected three replicates of 2 litre of stream water at the mouth of the glacier terminus in individual sterile 1 litre PYREX bottles previously rinsed three times with Milli-Q water before being autoclaved. We accessed basal glacier ice by penetrating into a cave naturally formed by glacier melting. Snow blocked access to the cave until the end of June (beginning of snow melt), ensuring us that the ice had not been exposed to atmospheric contaminants. Twelve subsamples of approximately 2 litre of ice were collected aseptically with an ice pick in autoclaved PE bags, following methods used in previous studies (Felip and Sattler, 1995; Hamilton et al., 2013) . In the same cave, 100 g of subglacial sediments deposited during ice melt were sampled aseptically in triplicate. Approximately 200 g of supraglacial sediments were collected in triplicate on the glacier ice above the cave. All samples were kept cold during transportation, stored and/or melted at 4°C overnight. Melted samples of snow and ice, glacier stream water and atmospheric deposition were each divided into two portions and filtered the day after sampling. The first portion was filtered through 0.22 μm pore-size water filters (MoBio, Carlsbad, CA, USA) for DNA extraction, whereas the other portion was filtered through 0.44 μm pore-size water filters (MoBio) for chemical analyses. Filters (for DNA extraction) and filtrates (for chemical analyses) were kept frozen at − 20°C. Soil and sediment samples were homogenized through a 2 mm sieve and divided into two subsamples. The first subsamples were weighed and frozen at − 20°C in DNA extraction buffer (MoBio), whereas the second subsamples were oven-dried overnight at 105°C and extracted with Milli-Q water (1:5 m/v ratio) by using an overhead shaker overnight. Soil and sediment slurries were first filtered through glass fibre filters (Whatman GF/F glass microfiber filter, GE Healthcare, Little Chalfont, UK) precombusted at 450°C. These subsamples were then filtered through 0.44 μm pore-size filters to obtain a particle size similar to that of the deposition, snow, ice and glacier stream filtrates. All filtrates were collected in acid-cleaned 100 ml PE bottles and pH was determined with a pH-metre (FEP20-FiveEasy Plus, Mettler Toledo GmbH, Switzerland As the ice samples yielded small amounts of DNA, four individually extracted subsamples were pooled, precipitated and resuspended in 50 μl elution solution according to the manufacturer instructions to form three independent replicates. Amplicons were generated using methods similar to those applied by Hartmann et al. (2014) and Rime et al. (2015) . Briefly, DNA was pre-treated with 1 μg bovine serum albumin ml − 1 at 95°C for 5 min before PCR reactions to bind PCR inhibitors. The regions V1-V3 and V3-V5 of the bacterial and archaeal small-subunit ribosomal RNA genes, respectively, as well as the ITS-2 region of the fungal ribosomal operon were amplified by performing three PCRs with 10 ng template DNA and the HotStar Taq amplification kit (Qiagen, Hilden, Germany) in a final volume of 25 μl. All PCRs were conducted on a standardized amount of DNA to account for different microbial cell numbers in the habitats sampled. PCR conditions are given in the Supplementary Information. The purified PCR products with different barcoded primers were pooled in equimolar concentrations and shipped to the sequencing facility (Genome Quebec Innovation Center, Montreal, Canada) where they were unidirectionally sequenced with the 454-pyrosequencing GS-FLX Titanium technology (Roche 454 Life Sciences, Branford, CT, USA) from the primers 27f, 349f and ITS4.
Sequence analyses
Bioinformatics quality checks of the pyrotagged reads were performed in MOTHUR v.1.32 (Schloss et al., 2009) according to the established procedure recently described (Hartmann et al., 2014; Rime et al., 2015) . A detailed description of the sequence curation procedure is given as Supplementary_Materials and Methods.doc. Curated sequences as well as operational taxonomic unit (OTU) tables are available in the Supplementary Information. Less than 6% of archaeal sequences could be classified at the phylum level (see Discussion section for details). Therefore, our in-depth analyses only focused on the bacterial and fungal sequences.
Quantitative real-time PCR reactions
Relative abundances of bacterial 16S and fungal ITS rRNA gene copies were determined by quantitative real-time PCR on an ABI7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA) as described in Rime et al. (2015) . Quantitative
Origin of microbial pioneers in deglaciated soils T Rime et al real-time PCR reactions were performed using 2 ng DNA in a total volume of 25 μl containing 0.5 μM of each primer, 0.2 mg ml − 1 bovine serum albumin and 12.5 μl of QuantiTect SYBR Green PCR master mix (Qiagen). Cycling conditions were similar to those used for the pyrosequencing approach. Standard curves (correlations ⩾ 0.997) were obtained using 10-fold serial dilutions (10 − 1 to 10 − 9 copies) of plasmids generated from cloned targets .
Statistical analyses
We estimated the observed richness (S obs ), Shannon diversity (H) and Gini coefficient (G), a measure of inequality where values close to 0 correspond to even communities (Dorfman, 1979; Edwards et al., 2013b) , based on evenly rarefied OTU matrices (Bacteria: 3764 sequences; Fungi: 675 sequences). We assessed differences in α-diversity indices between exogenous and endogenous sources as well as among different soil habitats by performing a one-way analysis of variance (ANOVA) in R v.2.15 (R development Core Team, 2012). Tukey's Honestly Significant Difference (Tukey HSD) post hoc tests were conducted to examine pairwise differences among habitats with the HSD.test function implemented in the agricolae package in R (De Mendiburu, 2012) . As the library sizes differed among samples, we also investigated rarefaction curves. Rarefaction curves for bacterial and fungal observed richness were generated by pooling all sequences for each habitat with the rarefaction.single function as implemented in MOTHUR using 1000-fold resampling without replacement. Bray-Curtis dissimilarities were calculated based on square-root transformed relative abundances of OTUs. Differences in community structures (β-diversity) were assessed by conducting a permutational ANOVA (PERMA-NOVA, number of permutations = 99 999) with the function adonis and an analysis of similarity (ANO-SIM, number of permutations = 99 999) implemented in the vegan R package (Oksanen et al., 2012) and displayed with principal coordinate analysis ordinations. As significant differences detected by PERMA-NOVA may arise because of within-habitat variation (Hartmann et al., 2012) , we performed an analysis of homogeneity of group dispersion (Dispersion) (Legendre and Anderson, 1999) by using the function betadisper implemented in the vegan package (Oksanen et al., 2012) . In our multivariate analyses, rare OTUs, that is, OTUs represented by one (singletons) or two (doubletons) sequences, were not removed, unless mentioned otherwise, because they may represent real organisms and they do not substantially influence changes in β-diversity (Gobet et al., 2010) . Changes in α-and β-diversities of the most abundant (relative abundance 41% of the total sequence number) phyla or classes among the Proteobacteria were assessed using analyses similar to that applied to the total communities. Differences in relative abundances of the most abundant taxa were determined by performing a one-way ANOVA followed by Tukey HSD tests. All graphs were generated in R with the graphics (R development Core Team, 2012) or ggplot2 (Wickham, 2009) 
packages.
We additionally conducted an indicator species analysis to identify taxon-habitat association patterns. This procedure identifies OTUs as indicator species independently from their abundance in the total data set. However, for this analysis, single-and doubleton OTUs were removed as they hold little indicator information. This analysis was done with the multipatt function (number of permutations = 99 999) implemented in the indicspecies R package (De Cáceres et al., 2010) . To account for multiple testing, P-values were corrected by calculating false discovery rates (q-values) with the q-value function implemented in the BiocLite R package (Dabney and Storney, 2014) . Indicator OTUs with qo0.05 were considered significant. Indicator taxa were represented in bipartite networks by using the edge-weighted spring embedded algorithm layout implemented in Cytoscape v.3.0.2 (Shannon et al., 2003) where point biserial correlation values, a measure of species-habitat association, were used to weight the edges between nodes constituting the habitats and indicator OTUs . We further mapped these indicator OTUs on taxonomic networks generated in Cytoscape v.3.0.2 to investigate potential taxa-habitat associations . Indicator OTUs classified at the genus level were displayed in a taxonomic tree generated in iTOL (Letunic and Bork, 2011) together with the positive point biserial correlation values associated with each habitat. To find patterns of co-occurrence among OTUs characteristic of the habitats studied, we analysed correlations among the relative abundances of all indicator OTUs (co-correlations) by calculating Spearman rank correlation values (Spearman, 1904) in R with the function corr.test implemented in the package psych. Multiple testing was accounted for by correcting P-values with a false discovery rates of 5% (q-valueo0.05). Bacterial and fungal indicator OTUs that were significantly co-correlated were displayed in networks with the edge-weighted spring embedded algorithm layout implemented in Cytoscape where Spearman correlation values were used to weight the edges between the nodes representing the OTUs .
Differences in relative abundances of ribosomal gene copies and in environmental factors between habitats were assessed by conducting a one-way ANOVA followed by Tukey HSD tests. To investigate the effect of environmental factors on microbial communities, we conducted a DistLM analysis (Legendre and Anderson, 1999 ) using a step-wise selection procedure with the adjusted-R 2 criterion selection in PRIMER6+ (Clarke and Gorley, 2006) . Selected factors were used to build distance-based redundancy ordinations (db-RDA). Similarly to the indicator species analysis, we calculated Spearman (Revelle, 2014) . This approach enabled us to identify significant associations between particular OTUs and environmental factors. We accounted for multiple testing by correcting P-values using a false discovery rate of 5% (qo0.05). OTUs classified at the genus level were displayed in a taxonomic tree generated with iTOL where the positive Spearman rank correlation values between OTUs and the selected environmental factors were mapped.
Results
Environmental factors and relative abundances of ribosomal gene copies All environmental factors except for NH 4 + and PO 4 3 − concentrations varied between habitats (Table 1) . DON, NO 3 − and SO 4 2 − concentrations were highest in deposition and DOC was highest in barren soil, and pH was highest in deposition and glacier stream. Relative abundances of bacterial 16S and fungal ITS gene copy numbers significantly differed between habitats (Table 2 ) and were highest in barren soil, snow-covered soil and supraglacial sediments and were lowest in ice (Figure 1 ).
Community compositions
We obtained 174 096 (7254 ± 1957 per sample) bacterial 16S V1-V2 and 157 292 (5826 ± 2501 per sample) fungal ITS high-quality sequences resulting in 3942 (624 ± 346 per sample) bacterial and 1611 (157 ± 66 per sample) fungal OTUs. The bacterial communities were dominated by Proteobacteria (56%) followed by Bacteroidetes (13%), Cyanobacteria (8%), Actinobacteria (7%), Acidobacteria (4%), Chloroflexi (3%), Gemmatimonadetes (2%), Planctomycetes (1%) and TM7 (2%), whereas o1% were unclassified. Combined, the remaining 35 phyla represented 3.5% of the total bacterial sequences. Among Proteobacteria, Betaproteobacteria was the most abundant class (32%) followed by Alphaproteobacteria (12%), Gammaproteobacteria (9%) and Deltaproteobacteria (2%). The fungal communities consisted of Ascomycota (64%), Basidiomycota (23%) and unclassified fungi (12%), whereas Chytridiomycota, Glomeromycota and Zygomycota represented o1% of the total fungal sequences.
Alpha-diversity
For bacteria and fungi, as well as their most abundant taxa, α-diversity indices differed between endo-and exogenous sources of microbial colonizers and among soil habitats (Table 2) . Observed richness (S obs ) and Shannon diversity (H) of bacteria were highest in barren soil and lowest in deposition and snow (Figure 1 ). The bacterial Gini coefficient (G) was lowest in barren soil and highest in deposition and snow indicating that the bacterial communities in deposition and snow were dominated by a few abundant OTUs. Fungal S obs , H and G differed between subglacial sediments, barren soils and snow-covered soils. Among the most abundant bacterial and fungal phyla or classes of Proteobacteria, S obs and H were generally highest in barren soil and snow-covered soil, whereas G was lowest in barren soil and highest in deposition and snow (Supplementary Figure S2) . Rarefaction curves Origin of microbial pioneers in deglaciated soils T Rime et al showed that the α-diversity differed among habitats (Supplementary Figure S3) . The bacterial α-diversity was highest in snow-covered and barren soils and lowest in snow and deposition. Similarly, the fungal α-diversity in deposition was lowest. In contrast to bacteria, fungal α-diversity was highest in supraglacial sediments and similar in snow-covered soils and snow.
Beta-diversity
Principal coordinate analysis ordinations and PERMANOVA revealed that the structures of the total bacterial and fungal communities as well as their most abundant taxa also changed among the different habitats investigated (Figures 2a and b , Table 2 and Supplementary Figure S4) . These results were supported by the ANOSIM statistics. However, the analysis of within-habitat community dispersion showed that structural differences in Chloroflexi, Cyanobacteria, Planctomycetes, Alphaproteobacteria, Deltaproteobacteria, TM7 as well as the total fungi, Ascomycota and Basidiomycota were at least partially caused by different within-habitat heterogeneities. Further, the relative abundances of all taxa investigated significantly varied between habitats. For example, the relative abundance of Acidobacteria and Deltaproteobacteria was highest in barren soil, whereas that of Cyanobacteria and Basidiomycota was highest in snow (Supplementary Figure S5) .
We identified 670 bacterial and 176 fungal indicator OTUs, which were significantly (qo0.05) associated with a particular habitat or a combination of habitats (Supplementary Table S2 ) and were represented in bipartite networks (Figures 2c and d) . The structure of the bipartite networks resembled the principal coordinate analysis ordinations, showing strong differences in indicator taxa characteristic of exogenous sources (deposition in particular) endogenous sources and soil habitats. Four hundred bacterial indicator OTUs were shared between the different habitats, whereas 48 fungal indicator OTUs were shared between habitats. Among the bacterial indicator, OTUs shared among habitats, 94 OTUs (14% of the total number of indicator OTUs) were shared between newly exposed soils (barren and snow-covered) and subglacial sediments, 71 OTUs (11%) between newly exposed soils and supraglacial sediments, 55 OTUs (9%) between newly exposed soils and glacier stream, and 20 OTUs (3%) between newly exposed soils and ice. The evaluation of co-correlation patterns of indicator OTUs revealed that bacterial indicator OTUs characteristic of exogenous sources (deposition or snow) were negatively correlated with indicator OTUs of other habitats (soils or endogenous sources), whereas fungal indicator OTUs associated with snow and supraglacial sediments were positively co-correlated (Figure 3 , Supplementary Table S3) .
Among the indicator OTUs, we identified 139 bacterial and 47 fungal indicator OTUs that were classified at least down to the genus level (Figure 4) , representing 42% and 47% of the total bacterial and fungal sequences, respectively. Most of the OTUs affiliated to genera belonging to Bacteroidetes were positively associated with glacier stream while no Significance of tests were based on F-ratios where the indices are the degrees of freedom and error terms. Statistic R values were used to assess compositional similarities.
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other particular phylum-habitat association could be observed (Supplementary Figure S6) . For example, representatives of genera positively associated with deposition were distributed among Actinobacteria (Rhodococcus and Mycetocola), Bacteroidetes (Sediminibacterium), and Alpha-(Methylibium and Sphingomonas), Beta-(Variovorax) and Gammaproteobacteria (Pseudomonas). Similarly, indicator OTUs associated to barren soil were affiliated to various phyla, such as Acidobacteria (Candidatus Koribacter), Firmicutes (Desulfosporosinus), Alphaproteobacteria (Telmatospirillum), Gammaproteobacteria (Rhodoferax) and Verrucomicrobia (Opitutus). However, at the genus level, some patterns emerged. For example, representative OTUs affiliated to Geobacter (Proteobacteria) were only associated with barren soil and snow-covered soil. OTUs belonging to Candidatus Koribacter (Acidobacteria) and Desulfosporosinus (Firmicutes) were associated with barren soil. Similarly for the fungi, representatives belonging to Leucosporidium and Rhodotorula (both Basidiomycota) were specifically prominent in snow and supraglacial sediments, whereas OTUs affiliated to Aureobasidium (Ascomycota) and Mucor (Zygomycota) were associated with deposition. The environmental factors that explained most of the variability in bacterial and fungal β-diversities were DOC, DON, Cl -, pH and SO 4 2-concentrations Table 3 ) and accounted for 42% and 51% of the overall variability observed in the bacterial and fungal communities, respectively. We identified 137 bacterial and 37 fungal OTUs that were significantly correlated (qo0.05) with the selected environmental factors (Supplementary Table S4 ). Thirty-nine of the bacterial and 12 of the fungal OTUs significantly associated with these environmental factors were classified at the genus level (Figure 5c ). OTUs affiliated to Acidobacteria, Cyanobacteria, OP10 and Planctomycetes were positively correlated with DOC and Cl -, whereas OTUs affiliated to Actinobacteria, Bacteroidetes (except for an OTU related to the genus Segetibacter) and Ascomycota (except for OTUs related to Cladiophialophora and Trichoderma) were positively correlated with SO 4 2 − , pH and DON. Among Alphaproteobacteria, OTUs affiliated to the genera Hyphomicrobium and Rhodoplanes were positively correlated with DOC and Cl -, whereas the other OTUs were correlated with SO 4 2 − , pH and DON.
Discussion
This study investigated the microbial communities present in various habitats of the Damma glacier catchment (endogenous sources: ice, glacier stream, sub-and supraglacial sediments; exogenous sources: aeolian dust, rain and snow). We used 454-pyrosequencing to identify microorganisms that may colonize mineral debris present at the surface of recently deglaciated soils. We found that α-diversity in the investigated habitats was in accordance to values reported by others in glacial ecosystems (in highelevation streams: Wilhelm et al., 2013 ; in glacier debris: Franzetti et al., 2013; in barren soils: Brown and Jumpponen, 2014; Rime et al., 2015) . Despite the occurrence of harsh conditions in the investigated habitats, such as high UV radiation, daily and seasonal temperature fluctuations, as well as paucity of nutrients and C, our study supports the existing body of evidence that alpine environments have a high genetic pool of microorganisms. Despite all precautions applied during sequence processing and statistical analyses, conclusions concerning microbial α-diversity and, to a lesser extent, β-diversity should be considered carefully given the difficulty to properly explore microbial diversity (Hughes et al., 2001) . Taxon-habitat association patterns revealed distinct dispersal patterns between bacterial and fungal communities (Figures 2 and 3) . Communities from 
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T Rime et al endogenous sources shared many bacterial indicator OTUs with soils but only a few with snow and atmospheric deposition. Conversely, fungal communities were generally distinct, with a few indicator OTUs shared among habitats. Interestingly, the fungal community in snow resembled that of supraglacial sediments although these habitats were not in direct contact during sampling (Supplementary Table S1 ). Advected sediment-associated fungi may have been deposited on the snow surface, which would explain these similarities. Our findings suggest that atmospheric deposition of microorganisms is not the dominant sources of microbial colonizers of recently deglaciated mineral debris for the period sampled. However, inputs of C, N (as DON, nitrate and ammonium) and other nutrients (for example, sulphate and phosphate) from atmospheric deposition represent important inputs to nutrient and C pools, which are known to be small in barren soils (Bernasconi et al., 2011; Smittenberg et al., 2012) . Therefore, these inputs may facilitate the establishment of pioneer microbial communities in the mineral debris (Frey et al., 2010 (Frey et al., , 2013 Brunner et al., 2011) . The simultaneous investigation of bacterial and fungal communities present in atmospheric deposition, endogenous glacial habitats and barren soils revealed interesting patterns. Sixty percent (400) of the bacterial indicator OTUs were shared between at least two different habitats, whereas only 27% (48) of the fungal indicator OTUs characterized more than one habitat, suggesting different dispersal patterns between bacterial and fungal communities. Most of the bacterial OTUs classified at the genus level that were characteristic of the barren soils were also present in endogenous habitats or snow-covered soils. This finding is in agreement with previous studies that reported similar bacterial communities in different but spatially connected habitats (Hodson et al., 2008; Řeháková et al., 2010; Edwards et al., 2013a) . At a larger biogeographical scale, bacteria affiliated to the genus Polaromonas have been recorded throughout the cryosphere worldwide (Priscu and Christner, 2004; Darcy et al., 2011; Larose et al., 2013; Hell et al., 2013) . In contrast, 73% (154) of the fungal indicator OTUs in our study were only associated with one habitat, indicating a lower dispersal efficiency than bacteria. Similar to our results, Naff et al. (2013) observed that fungal zoospores affiliated to Chytrids differed between geographically close snowpacks. Further, Edwards et al. (2013b) reported that fungal community structures differed between moraine debris, tundra
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Glacier stream Ice Subglacial sed. Supraglacial sed. Figure 3 Networks of significantly (qo0.05) co-correlated bacterial and fungal indicator OTUs. The nodes represent OTUs while the edges connecting nodes are positive Spearman rank correlation values. Node sizes represent the square-root of the relative abundance of each OTU and node shapes illustrate the habitat type with which each OTU is associated. White hexagons represent OTUs that are associated with more than one habitat (shared OTUs).
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Origin of microbial pioneers in deglaciated soils T Rime et al soils and cryoconite holes in three different Arctic glaciers. Their study also identified unknown fungi in cryoconite holes that were not retrieved from surrounding moraine debris or tundra soils, indicating that cryoconite holes may represent specific reservoirs of fungal biodiversity. We suggest that the difference in dispersal patterns between bacterial and fungal communities may be due to differences in the size and physiological capabilities of bacteria and fungi as discussed by Schmidt et al. (2014) . Dispersal is thought to be a key factor driving biogeographical patterns of bacterial communities (Lindström and Langenheder, 2012) . Overall, our study indicates that differences in dispersal ability Figure 4 Taxonomic tree representing the bacterial and fungal indicator OTUs classified at the genus level. The phyla within each domain are mapped on the branches of the taxonomic tree as numbers. Circles mapped in the outer rim of the tree represent the positive point biserial correlation values between each OTU and the habitats investigated.
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T Rime et al between bacterial and fungal communities may be a crucial factor influencing microbial connectivity among habitiats and, in a broader context, biogeographical patterns of microorganisms. One aim of this study was to identify whether potential microbial colonizers of mineral debris were deposited from the atmosphere. Microorganisms travelling through the atmosphere represent perfect immigrant candidates (Pearce et al., 2009 ) to establish in nutrient-poor soils formed after glacier retreat because they can thrive and remain active under high UV exposure, osmotic stress and C depletion (Amato et al., 2007; Šantl-Temkiv et al., 2012; Šantl-Temkiv et al., 2013) . We found, however, that atmospheric bacterial and fungal communities deposited in the Damma glacier catchment were different from those of soils. Atmospheric bacteria and fungi can originate from various sources, such as soils, water and plants (Bowers et al., 2009 (Bowers et al., , 2012 , and can be transported through the atmosphere attached to dust particles (Favet et al., 2013) or freely as single cells participating in ice nucleation processes (Bowers et al., 2009; Šantl-Temkiv et al., 2012) . Recently, Hervàs et al. (2009) and Figure 5 Distance-based redundancy ordinations (db-RDA) built based on selected environmental variables that constrained most of the variability of the bacterial (a) and fungal (b) community structures. OTUs classified at the genus level that were positively correlated with at least one of these environmental factors were represented in a taxonomic tree (c) where the circles in the outer rim represent the Spearman rank correlation values between the OTUs and the environmental factors.
Origin of microbial pioneers in deglaciated soils T Rime et al Barberán et al. (2014) investigated bacterial communities in Saharan dust deposited in an oligotrophic Pyrenean lake and found that few microbial immigrants could survive after being deposited. By identifying indicator OTUs and analysing co-correlation patterns among them, we could highlight OTUs causing changes in multivariate patterns (Hartmann et al., 2012 (Hartmann et al., , 2014 Rime et al., 2015) . Co-correlation patterns among bacterial and fungal indicator OTUs revealed that indicator OTUs characteristic of atmospheric deposition did not share the same habitats as the other indicator OTUs. In addition, bacterial and fungal OTUs characterizing atmospheric deposition (rain and aeolian dust) consisted of either pathogenic epiphytic (Aureobasidium) or highly versatile microorganisms (Methylobacterium, Pseudomonas and Sphingomonas) predominantly associated with plants (Vorholt, 2012) . Representatives of these bacterial genera have also been found in cloud droplets (Amato et al., 2005) , in hailstones (Šantl-Temkiv et al., 2012) and in aerosols collected at high altitude (Bowers et al., 2012) . Similarly, OTUs present in snow, such as representatives of the Chlamydomonadaceae and Acetobacteraceae families, were mostly absent from other endogenous glacial habitats or barren soils. Despite their potential ability to survive and to be transported through the atmosphere, these microorganisms may be outcompeted when deposited on recently deglaciated barren soils. The successful colonization and establishment in a new environment by external microbial communities depend on the order of arrival of the colonizers, also referred to as the 'priority effect'. The priority effect has already been used to explain successful colonization of new habitats by microorganisms in aquatic ecosystems (Symons and Arnott, 2014; Incagnone et al., 2014; Naselli-Flores et al., 2016) . Further, in microcosm experiments, Werner and Kiers (2015) showed that the arrival order of arbuscular mycorrhizas influenced the successful colonization and future development of root-associated fungal communities in soil. Although we investigated a different colonizable ecosystem (glacier), our results are in agreement with these studies. This suggests that ecological niches of aerosolized microbes may already be occupied by glacierrelated microorganisms when they are deposited, hindering thus successful establishment. Overall, our study indicates that the priority effect has a role in determining initial ecological trajectories of microbial communities during soil formation.
We found that many bacterial indicator OTUs were associated with soils and endogenous glacial habitats (ice, glacier stream, sub-and supraglacial sediments). For example, OTUs affiliated to the genera Bradyrhizobium, Hyphomicrobium, Methylibium and Rhodoplanes were characteristic of sub-and supraglacial sediments, barren soils and snow-covered soils. Members of these genera are commonly isolated from various habitats (soils, wastewater-treatment plants and aquatic environments). They have extremely diverse metabolisms, ranging from facultative methylotrophy, for example, for Methylibium and Hyphomicrobium, (Holm et al., 1996; Nakatsu et al., 2006; Stackebrandt et al., 2009) to facultative photoorganotrophy, for example, for Rhodoplanes (Hiraishi and Ueda, 1994) , which indicates that they can utilize a vast range of organic compounds as a C source. In spite of the limited knowledge regarding the physiological abilities of these microorganisms, they are known to acquire C from different sources. Their effective mechanisms regarding C utilization may be advantageous for their establishment and survival in recently deglaciated mineral debris. Based on our data, we cannot unequivocally determine which endogenous source dominates the pool of microbial pioneers colonizing recently exposed soils. We assume that pioneering bacteria originating from sub-and supraglacial sediments were transported with water flow formed during glacier melting, deposited on newly exposed soils, and therefore contributed to the colonization of recently deglaciated terrains. Table S1 ) although supraglacial sediments may originate from atmospheric material deposited during snow melt, which would explain their similarity in fungal communities. This finding indicates that environmental filtering may dominate the establishment of fungal communities in the Damma glacier catchment. Yeast-like Basidiomycota are found in the cryosphere across the globe because of structural and functional adaptations to the cold, such as increased membrane fluidity and production of cryoprotectants (Buzzini et al., 2012) . Although snow and supraglacial sediments are exposed to light and may experience large temperature fluctuations during the growing season, these environments remain relatively cold because of the proximity of glacier ice. We cannot, however, exclude the possibility that other factors, such as paucity of C and N, as well as high UV exposure, may favour extremophile yeasts in these habitats (Gostinčar et al., 2010 (Gostinčar et al., , 2012 . In the other habitats investigated, fungal indicator OTUs were mostly affiliated to genera known to be saprotrophic, such as Cladophialophora, Cadophora and Omphalina (Clemmensen et al., 2013) . Interestingly, fungal indicator OTUs characterizing subglacial sediments, ice and barren soils consisted of plant pathogens (for example, Heterobasidion and Peniophora), ericoid (Rhizoscyphus) and arbuscular (Entrophospora) mycorrhizae (Clemmensen et al., 2013) . Although we could not exclude the possibility that these plant-associated fungi were active, they were probably attached to plant or root particles trapped in ice and recently released with glacier melting.
Despite the high-resolution description of bacterial and fungal diversity in various habitats (soils, endo-and exogenous sources of microorganisms), our approach failed to provide useful information about the archaeal communities. Archaeal OTUs could be detected in all habitats investigated but most of these OTUs were unclassified at the phylum level (494% of the sequence number). Several studies targeting the hypervariable region V3-V5 of the archaeal 16S ribosomal marker demonstrated such a caveat (La Duc et al., 2012; Klindworth et al., 2013; Park et al., 2014) . Archaea are known to occur in the Damma glacier forefield where their α-diversity is low in barren soils (Zumsteg et al., 2012) . Moreover, Lazzaro et al. (2015) failed to identify them in snow, whereas we could amplify archaeal fragments in snow samples. Similar to results reported by Hamilton et al. (2013) , we found archaeal OTUs in subglacial sediments and basal ice. However, given the low classification percentage of archaeal reads, robust conclusions cannot be drawn confidently concerning the archaeal community in the habitats investigated. We suggest that archaea in our ecosystem only comprised a minor part of the soil microbiota, as demonstrated in a recent metagenomics study of an alpine glacial system (Edwards et al., 2013a) . Qian et al. (2011) also observed poor classification success at the kingdom level of archaeal communities in the Red Sea and further suggested that this finding may arise from an underrepresentation of archaeal sequences in databases and unspecific primers. Our findings further suggest that this kingdom should be extensively investigated in future studies in order to document adequately changes in archaeal diversity.
The origin of the C and nutrients necessary to allow the establishment of microbial communities in recently deglaciated mineral debris is a critical unknown and the subject of ongoing debate (Bardgett et al., 2007; Freeman et al., 2009; Mladenov et al., 2012; Bradley et al., 2014) . Other studies have shown that atmospheric deposition (snow, rain and aeolian dust) represents sources of C and nutrients to terrestrial ecosystems (Waldrop et al., 2004; Brankatschk et al., 2011; Wortman et al., 2012) . We found that concentrations of DOC, DON, ammonium, nitrate, phosphate and sulphate in deposition were higher than in ice and glacier stream indicating that atmospheric deposition may significantly add C, N and other nutrients to barren nutrient-depleted soils (Brankatschk et al., 2011; Reay et al., 2008; Mladenov et al., 2012; Stres et al., 2013) . In addition, the differences in DOC, DON and nutrient concentrations were correlated with changes in bacterial and fungal community structures, as well as with the relative abundances of particular OTUs. For example, we found that several bacterial indicator OTUs, such as Bradyrhizobium, Gemmata, Phormidium and Propionicimonas, were correlated with changes in DOC. These microorganisms, which were mainly associated with barren soils, harbour diverse strategies to gain energy and carbon. Isolates affiliated to Phormidium and Bradyrhizobium genera consist of phototrophs (Swingley et al., 2009; Janatková et al., 2013) and could thus provide autochthonous sources of C to heterotrophs present in barren soils, such as OTUs related to Gemmata and Propionicimonas known to thrive on diverse C sources (Ward et al., 2006; Akasaka, 2003) .
In conclusion, this is the first comprehensive study simultaneously investigating bacterial and fungal diversity of glacial (ice, glacier stream, suband supraglacial sediments) and proglacial habitats (barren soils) as well as atmospheric deposition (snow, rain and aeolian dust) in the central Swiss Alps. Although bacterial communities present in proglacial barren soils resembled those in ice, glacier stream, and sub-and supraglacial sediments, fungal communities differed more distinctly among habitats. This observation suggests that endogenous sources of bacteria are the most dominant colonizers of mineral debris released during glacier retreat. Most of these bacteria were from genera known to thrive under harsh conditions (UV exposure and limitations of C and nutrients) and to utilize various organic compounds as a C source. In contrast, most of the fungal indicator OTUs were distinct among habitats, suggesting that fungal dispersal is limited across the atmospheric, glacier and proglacial environments. Nonetheless, yeasts putatively adapted to cold habitats were associated with snow and supraglacial sediments pointing to potential environmental filtering favouring these fungi in cold habitats of the Damma glacier catchment. Overall, our research indicates that atmospheric deposition (aeolian dust, rain and snow) may have a crucial role in the development of recently formed terrestrial ecosystems by providing available sources of energy, carbon and nutrients rather than by fuelling the pools of microbial pioneers. With the rapid disappearance of most glacier ecosystems worldwide, it becomes increasingly important to understand the biological dynamics of these environments in order to anticipate potential ecological trajectories in a warming world.
